Abstract. The decay branching fractions of the three narrow Υ resonances to µ + µ − have been measured by analyzing about 4.3 fb −1 e + e − data collected with the CLEO III detector. The branching fraction B(Υ(1S) → µ + µ − ) = (2.49 ± 0.02 ± 0.07)% is consistent with the current world average but B(Υ(2S) → µ + µ − ) = (2.03 ± 0.03 ± 0.08)% and B(Υ(3S) → µ + µ − ) = (2.39 ± 0.07 ± 0.10)% are significantly larger than prior results. These new muonic branching fractions imply a narrower total decay width for the Υ(2S) and Υ(3S) resonances and lower other branching fractions that rely on these decays in their determination.
Introduction
Since their discovery, the long-lived bb states have played an essential role in the study of the strong interaction (QCD) [1] , and more recently they have become important in establishing the accuracy of Lattice QCD calculations [2] . The large data samples collected recently by the CLEO detector in the vicinity of the Υ(nS) (n = 1, 2, 3) resonances enable us to determine the fundamental bb resonance parameters, such as the leptonic and total decay widths, with unprecedented precision.
Since the total decay widths (Γ) of the Υ resonances below the open-beauty threshold are too narrow to be measured directly, one has to combine the leptonic branching fraction (B ℓℓ ) with the leptonic decay width (Γ ℓℓ ) in order to determine Γ: Γ = Γ ℓℓ /B ℓℓ [1, 3] . In practice, assuming lepton universality (Γ ee = Γ µµ = Γ τ τ ), the leptonic decay width is replaced by Γ ee , which can be extracted from the energy-integrated resonant hadron production cross section in e + e − collisions, while the leptonic branching fraction is replaced by the muonic branching fraction, B µµ ≡ B(Υ → µ + µ − ), which can be measured more accurately than B ee or B τ τ .
The leptonic branching fraction is also interesting in its own right since it represents the strength of the Υ decay to lepton pairs via annihilation to a virtual photon. Furthermore, B µµ is generally used in determinations of the branching fractions of hadronic and electromagnetic transitions among the Υ states since these decays are often measured by observing the decay of the lower lying resonance to lepton pairs. In addition, comparing B µµ to B ee as well as to B τ τ can provide a check of lepton universality and a test of new physics scenarios [4] .
Based on previous measurements, B µµ has been established with a 2.4% accuracy for the Υ(1S) [3] , and a modest 16% and 9% accuracy for the Υ(2S) and Υ(3S) [5] , respectively. In this paper, we report the results of a recent measurement of B µµ for all three narrow Υ resonances by the CLEO collaboration [6] .
Analysis technique
The results are based on 1.1 − 1.2 fb −1 data collected on the peak of each resonance ("onresonance samples") as well as 0.2 − 0.4 fb −1 data collected 20 − 30 MeV below each resonance ("off-resonance samples"). The data were recorded by the CLEO III detector at the Cornell Electron Storage Ring which is a symmetric e + e − collider.
To extract B µµ , we measure the relative decay rate to muons and hadronsB µµ ≡ Γ µµ /Γ had = (Ñ µµ /ε µµ )/(Ñ had /ε had ), whereÑ /ε is the efficiency corrected number of resonance decays. Here Γ had includes all decay modes of the resonances other than e + e − , µ + µ − , and τ + τ − . Then, assuming lepton universality
The off-resonance data are used to subtract the dominant background from the on-resonance data due to non-resonant (continuum) production of µ + µ − and hadrons via e + e − → µ + µ − and e + e − →(q = u, d, c, s):Ñ =Ñ on − SÑ of f . The factor S scales the luminosity of the offresonance sample to that of the on-resonance sample taking into account the 1/s dependence of the cross section. Backgrounds from other non-resonant sources are negligible after the offresonance subtraction.
The remaining backgrounds (to µ + µ − ) are mainly from cosmic rays, and at the Υ(2S) and Υ(3S) from cascade decays to a lower Υ state, which decays to µ + µ − while the accompanying particles escape detection. The background from Υ → τ + τ − is also significant in the hadron measurement.
Event selection
We select µ + µ − events by requiring exactly two oppositely charged tracks, each with momentum 0.7 < p/E beam < 1.15, with polar angle | cos θ| < 0.8, and with opening angle of the tracks greater than 170 • . Muon identification requires each track to deposit 0.1−0.6 GeV in the electromagnetic calorimeter, characteristic of a minimum ionizing particle, and at least one track to penetrate deeper than five interaction lengths into the muon chambers.
We control the cosmic-ray background using the track impact parameters with respect to the e + e − interaction point (beam spot). The average distance of the tracks from the beam spot is especially useful to suppress cosmic rays and to estimate the remaining background in our data samples. We correct the number of µ + µ − events observed in the on-resonance and off-resonance samples individually for this background.
We also require fewer than two extra showers with more than 50 MeV (100 MeV) energy in the barrel (endcap) section of the calorimeter in order to reduce the indirect µ + µ − production at the Υ(2S) and Υ(3S) when these cascade down via π 0 π 0 or γγ emission to a lower Υ resonance which decays to µ + µ − . The residual cascade background is estimated to be (2.9 ± 1.5)% and (2.2 ± 0.7)% for Υ(2S) and Υ(3S), respectively.
The overall selection efficiency for Υ → µ + µ − decays is (65.2 ± 1.2)% from a Monte Carlo simulation of the detector response (Figure 1) . The relative systematic uncertainty in the efficiency is 1.8% which is dominated by the uncertainty in detector simulation (1.7%).
When selecting hadronic events we suppress QED backgrounds (e + e − → e + e − /µ + µ − /γγ) as well as events from beam-gas and beam-wall interactions by a combination of cuts on the number of tracks, total visible energy, calorimeter energy and the vertex position.
The overall selection efficiency for hadronic resonance decays varies between 96-98% (largest for the 1S and smallest for the 2S) depending on the relative rate of cascade decays that can produce a stiff e + e − or µ + µ − in the final state. The relative systematic uncertainty in the selection efficiency is between 1.3 − 1.6% and dominated by the uncertainties in the simulation of hadronization and detector modeling.
Background from Υ → τ + τ − decay is estimated to be between 0.4 − 0.7%. Figure 1 . Distribution of the scaled momentum (left) and the shower energy (right) of the µ + candidates from Υ(1S) decays after off-resonance subtraction (points) and from resonance Monte Carlo simulations (histogram). The vertical scale is logarithmic. Table 1 . Number of resonance decays to µ + µ − and hadrons (Ñ ), selection efficiencies (ε), and the muonic branching fractions after correcting for interference. The current world averages [3] are also listed in the last line for comparison.
344.9 ± 2.5 ± 0.3 119.6 ± 1.8 ± 1.9 81.2 ± 2.7 ± 0.7 ε µµ 0.652 ± 0.002 ± 0.012 0.652 ± 0.002 ± 0.012 0.652 ± 0.002 ± 0.012 N had ( 10 6 ) 18.96 ± 0.01 ± 0.04 7.84 ± 0.01 ± 0.02 4.64 ± 0.01 ± 0.02 ε had 0.979 ± 0.001 ± 0.016 0.965 ± 0.001 ± 0.013 0.975 ± 0.001 ± 0.014
2.49 ± 0.02 ± 0.07 2.03 ± 0.03 ± 0.08 2.39 ± 0.07 ± 0.10 B µµ (%) PDG 2.48 ± 0.06 1.31 ± 0.21 1.81 ± 0.17 Table 1 presents the numerical results and comparison with the current world average values of B µµ [3] . The invariant mass distribution of the µ + µ − candidates in the on-resonance and off-resonance samples and after off-resonance subtraction are shown in Fig. 4 . We have corrected B µµ for the interference between resonant and non-resonant production of µ + µ − (and hadron) final states by reducing the measured branching fractions by a relative 2 − 4%.
Results
The total fractional systematic uncertainties in B µµ are 2.7% (1S), 3.7% (2S), and 4.1% (3S), respectively. They include the uncertainties in the number of resonance decays due to background subtraction and in the selection efficiencies due to detector modeling, trigger efficiencies and Monte Carlo statistics. Uncertainties in the interference calculation and variations in the center-of-mass energy contribute an additional 1% to the fractional uncertainty of B µµ . The dominant source of the systematic uncertainty in the cases of Υ(2S) and Υ(3S) is due to the uncertainty in the scale factor between the on-resonance and off-resonance data.
The result for the Υ(1S) is in very good agreement with the current world average, while our Υ(2S) and Υ(3S) results are about 3σ larger than the world averages.
The improved muonic branching fractions, combined with the current values of Γ ee Γ had /Γ [3] 
